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This work has experimentally investigated the characteristics of
filtration followed by consolidation dewatering of an alum sludge,
with especial attention to the effects of adding ionic surfactants
(SDS or CTAB). The filtration and consolidation stages at a
pressure of 3000 psi were discussed separately. The efficiency of
filtration is enhanced in the presence of surfactant molecules;
however, the cationic surfactant (CTAB) raises the consolidation
rate while the anionic surfactant (SDS) retards it. A newly pro-
posed rheological model has been employed for interpreting the
consolidation data. CTAB would not alter markedly the moisture
distribution in the sludge, but SDS does increase markedly the
amount of the tightly bound moisture by diminishing the portion
occupied by pore water. The possible role of surfactants in the
sludge flocs is considered. Both surfactants can be used as condi-
tioning aids during the filtration stage. However, the applications
of SDS to the consolidation stage are not encouraged. o© 1998
Academic Press
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INTRODUCTION

surfactant molecules. However, information about the effec
of ionic surfactants on the dewatering performance of sludge
largely lacking.

Compression is widely employed in industries to separat
liquid from a cake by mechanical pressure (3). In practice, fir:
the sludge is filtered to form a filtration cake, which is ther
directly consolidated by a membrane or a piston for furthe
dewatering. Shirato and co-workers (4-10) and Tiller (3) mad
substantial contributions toward the understanding of constar
pressure consolidation. A brief review is available in (11, 12)
Knowledge about the underlying mechanisms for filtratior
followed by consolidation dewatering of sludges, nevertheles
has been still far from satisfactory.

Shirato et al. (7) adopted the combined Terzaghi—Voigt
rheological model for describing the consolidation stage, ar
the cake thickness was obtained in the following manner:

U = L]__L -1 B 1 ﬂ_ZiZCe
C_Ll_l—f_( - ) — eXx - 40)% ec

+ B[1 — exp(—m6)]. [1]

The way to achieve better dewatering of sludge is of essan-Eq. [1], U, is the consolidation ratid, the cake thickness,
tial importance in water and wastewater treatment plants. Afte[ andL,, respectively, the initial and final cake thickneBs,
chemical conditioning, the sludge is usually dewatered hpe fraction of moisture removed by the secondary consolid:
mechanical means, such as a filter press or vacuum filtgsn, C_ a parameter corresponding to the cake resistance
Surfactants often appear in a vast amount in sewage sludggrl flow, i the number of drainagey, the specific cake
(1). The possible interactions between surfactant and polym@lume, 6, the consolidation time, and) the creep factor,
may lead to an excess polymer dose to achieve the sage@nonstrating the easiness of the relative mobility of const

dewatering performance of sludge.

tuting particles. Equation [1] is claimed to cover the whole

Surfactant molecules may be absorbed onto the solid’s sgpnsolidation process except for a short period after startu

face in the following six ways before its concentration exceedgtably, inasmuch as the first exponential term in the right
the critical micelle concentration (CMC): (a) ion exchange, (lhand side of Eq. [1] usually decays much faster than the seco

ion pairing, (c) acid—base interaction (hydrogen-bonding), (he, at a large consolidation time, an asymptotic form can t
adsorption by polarization ofr electrons, (e) adsorption byobtained as in the following:

dispersion force (Van der Waals force), and (f) hydrophobic
bonding (2). The characteristics of particle surface and dewa- U =1—Bexn—nb 2
terability would definitely alter according to the adsorption of ¢ R=mfe). 2]

1To whom correspondence should be addressed. E-mail: djlee@cci@stated, a linear In(x U) versusd, relationship holds at the
ntu.edu.tw. final stage of consolidation. Some works had verified th
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applicability of Eq. [1] to certain sludges, such as some par- 1.0
ticulate slurries (8—10), a polymer flocculated sludge (13), an
alum coagulated sludge (14), and a mixed sludge (15). Valu-
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(1) CTAB 100 yuM

. ) . ) ) Ve ) (2) CTAB 200 uM
able information on the interactions between conditioning g (3) CTAB 300 uM
agents (polymer or alum) with the sludge particles was ex- (4) Original

tracted from these studies.

We had discussed in this paper the effects of cationic or
anionic surfactants on the filtration followed by consolidation &
characteristics of an alum sludge. The filtration data were$
analyzed through classical theory, while the consolidation data<
were interpreted on the basis of the Terzaghi—Voigt model (Eq. 04
[1]) and a newly proposed rheological model (16) (discussed
latter). According to the experimental results, the role of sur-
factant molecules in the sludge have been speculated. 0.2

(5) SDS 100 uM
(6) SDS 200 uM
(7) SDS 300 pM

EXPERIMENTAL
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Samples 0 1000 2000 3000 4000 5000
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A sludge sample was taken from the sediment basins in the fime (sec)

Men-Der water treatment plant. Its raw water comes directg/F'G- L I_dCt?_lke P?fOSityge;_SUSl time F;ld?f ?000953 FAfiltration Zt_agte; .
H H H H H . consoligation stage; k&, Tinal constant-rate period. Arrows Indicate

from .the nearby reservoirs, wh|ch.are in serious eutrophicati rﬁnsition points among StAges.

condition. A vast amount of algae is present in the plant as we

as in the sludge. The chemicals applied in the plant include

potassium permanganate as an algaecide and aluminum sulfg{geq in a stainless steel cylinder of diameter 7.62 cm and
as a coagulant. The solid content of the sludge is approximatﬁg[,ght 20 cm equipped with a free piston. The cylinder is
10% (VSS is 220Qug C/g) and the sludge appears gray-blacksated with chrome, and at one end there is a port. T
in color and is somewhat odorous. high-pressure fluid with a hydraulic pressure of 3000 psi wa

The pH values for the alum sludge ranged from 7.2-7.8yerted through the port onto the free piston, which presse
which were adjusted to 8.0 for the sake of consistency amoggectly the sludge to force the moisture out. An electroni
samples. At this pH the zeta potential of sludge was maintainggiance connected to a personal computer automatically |
around—15 mV. o . corded the time evolution of the filtrate weight. With the filtrate

Two surfactants, anionic dodecylsulfate sodium salt (SD§/)eight versus time data and the true solid density, the tirr

and cationic cetyltrimethyl-ammonium bromide (CTAB) wergyglution of cake porosity can be subsequently obtained.
used. The mass weights of SDS and CTAB are 288.38 g/mol

and 364.45 g/mol, respectively. The surfactants with dosages RESULTS
far below their CMC (critical micelle concentration) were
applied and completely mixed with sludge prior to conducting Figure 1 depicts typical results for the time evolution of the
the compression test. The addition of SDS yields a mogake porosity change. It is evident that both surfactants ha
negative charge, while the CTAB leads to a less negativglpsitive effects on the overall filterability of sludge but com-
charged surface. plicated correlations with the dosages.

In theory, most of soluble Al(lIl) is in the form of Al(OH)
at pH 8. The influence of AI" or AI(OH)?" can, therefore, be Filtration Stage

neglected. Other major cationic ions in the liquid phase of theA complete test contains a filtration stage and a consolid:

<+ + : .
sludge were C& and Mg™". Their concentrations ranged fromtion stage. The transition point is the moment when the pistc

20-30 mg/L and 5-10 mg/L, respectively. These ranges weygg just touched the sludge cake, and it can be determined
very normal for natural waters. The presence of cationic io

hould therefore h ianificant effect on th fact rﬂ?eans of the graphical method proposed by Shieatal. (6).
fo(i)clijencyere ore have no significant efiect on the surfac amI'ﬁe filtration stage data can thereby be differentiated from th

overall data set. The average specific resistangg) ©f the
sludge filtered at a constant pressure of 3000 psi can |
calculated through following procedures. First the filtrate vol

A constant head piston press (Triton Electronics Ltd., typeme versus time relationship was constructed. Next the be:
147) was employed in all tests. A schematic of the experimeifitting slope of t-V? was substituted into the equation for
tal setup can be found elsewhere (13, 14). The sludge westimatingo,,,

Compression Test



DEWATERING OF ALUM SLUDGE 183

O L O O B B B riod appears at the final stage of consolidation, which violate
- -4 the prediction of the Terzaghi—Voigt model. Considering the
- - overall efficiency of consolidation dewatering, with some dat
_| scattering, the addition of CTAB would enhance compressic
dewatering, while SDS retards it. This is in contrast to the
filtration stage where the surfactants could only enhance d
watering regardless of the sign of the surfactant’s charge.
Figures 5 and 6 illustrate the best-fitting coefficieBtand

7 on the basis of Eq.[1]. The Terzaghi—Voigt model assumes
visco-elastic sludge cake. Low&rand greatem values, that

B is, a less viscous and more elastic sludge cake, are favorable
10— —  dewatering (13-15). ThB values for sludges with or without

- 1 surfactants are almost invariant (Fig. 5), indicating that th
= - contribution of secondary consolidation is not affected by th
- 1 presence of surfactants. However, the surfactant molecules

2.0x10' |— —

o, (mkg)
T
|

av

L SDS CTAB | bhave an effect on the creep factor, According to the data
RN RN R R R AR FEE N NN N depicted in Fig. 6, the creep factor decreases with addition
300 200 100 0 100 200 300 SDS, and increases when CTAB is added. Therefore, accol
Surfactant concentration (uM) ing to the conventional Terzaghi-Voigt model, the adsorptio
FIG. 2. The a,, versus surfactant concentrations. of cationic surfactant molecules onto the particle surface mak

the relative movement of particles easier, while the anioni
surfactant molecules have the opposite effect. The role
[3] electrostatic repulsion may be therefore of significance.
Deviation from the conventional Terzaghi—Voigt model oc-
) ] ) ) ) curs in all tests depicted in Fig. 4 (the arrows). Kawasdldl.
whereA is the filter areas the weight fraction of the solidn (1g) first noted the discrepancy from Eq. [1] at consolidating
the weight ratio of final filter cake to total dry solid in theynair biological sludge whetJ, > 0.8. To extend Shirato’s
_ , , i c .8.
sludge, ancp and u are the density and viscosity of filtrate,,,qe for correcting the observed discrepancy, Chang and L
'respectlvely. Oth'er experimental pro.ced.ures were summanﬁg) introduced the “ternary consolidation” stage, correspon
in (17).' We hgrem neglect'the contribution of bound water ‘iﬂg to the erosion of bound water in sludges. They had prc
the solid fraction counted in the sludge. o posed a new rheological model that can properly describe i
Figure 2 depicts the results fo,,. This figure indicates that ol expression stage of an activated sludge. With the ori

both SDS and CTAB could reduce the average Specific resfss| sjudge as a reference, as Fig. 4 reveals, the ternary cc
tance of sludge. Restated, the presence of surfactant molecules

would efficiently enhance the passage of fluid through the filter
cake. Therefore, the surfactant addition is an aid to sludge
dewatering during the filtration stage. It is noted as well that

the excess surfactant dosage gains no further advantages. Fig-

ure 3 depicts the cake volume at the cease of filtration. The 349
cake volume increases with increasing SDS dosage. On the
other hand, the interactions between CTAB molecules and the
sludge flocs lead to greater variations in cake volume.

C(aV

B 2PA%(1 — mg)/ dt
a pPSKL dv?)

IIIII\I\\\‘YIII\III‘IIIIIIIfll

’\ SDS CTAB

%)

32.0

LI‘III\'JIJ

Consolidation Stage

1

Figure 4 depicts the data of the consolidation stage. As Fig.
4a reveals, in all tests an initial decreasdJinfollows a linear 30.0
In(1-U)-6. stage (dashed line), as predicted by the Terzaghi—

Voigt model. However, an apparent deviation from the linear
relationship occurs in the final phase of consolidation regard-

less of the presence of surfactants. On a normal-normal plot of 280
U6, this consolidation stage reveals a linear characteristic T
(Fig. 4b). (Notably, only representative data are depicted in 300 200 100 0 100 200
these figures for the sake of clarity.) Restated, a constant-rate Surfactant concentration (M)
(rather than a logarithmically decaying rate) consolidation pe- FIG. 3. Cake volume at the end of filtration.

Cake volume (cm
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(1) CTAB 100 uM  (4) Original |
(2) CTAB200 M (5) SDS 100 uM-
(3) CTAB300 M (6) SDS 200 uM |
-1 (7) SDS 300 M|
2 b |
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(1) CTAB 100 puM
(2) CTAB 200 uM 7|
(3) CTAB 300 uM |
(4) Original
(5)SDS 100 yM |
(6)SDS 200 yM |
(7)SDS 300 uM |
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3000

2000
8. (sec)

4000

(a) The In(1- U,) versusd. plot. P = 3000psi; C, consolidation period; E, final constant-rate period. Arrows indicate the transition of the E regi

Dashed lines are the regression line based on Eq. [1]. (b)Ulheersus6, plot. Dashed lines indicate the findl,— 6. linear relationship.

solidation stage becomes more important with SDS. On thdheree, w, 6., andP.are the void ratio, specific volume of wet
other hand, the CTAB has the opposite effect.
The modified model by Chang and Lee (16) is a three-statieely. The first, second, and third term of the right-hand sid

model (Fig. 7) stated as

oe
a0,)

_[de\ (ops oe\@ oe\® ”
“\op) a6 T lae) t\ge) o W
c ® Ps Ps

cake, consolidation time, and consolidation pressure, respe

of Eq. [4] represent, respectively, the primary, secondary, ar
ternary consolidation stages. The first two terms correspond
the conventional Terzaghi—Voigt model addressed in (7). W
summarized herein briefly the derivation of the modified mode
for the sake of completeness.

1-01\|IIII TT1 1T T 1T TTTT 7T T 1T T T O.OO6lllJiJ| lIllll‘ll Illllj‘i‘ rrTT ‘L
L | C SDS | CTAB i

C ] 0.005 | —

08 — = - n ]
L i B o . ]

0.004 |- n -

- 1 - / ]

0.6 — — C ]
* r *C — —
& - = 0.003 |- —
= r ® 3 ] = i ]
04 — O B* C _
r . 0.002 |- —
02— o 0.001 |- -
L SDS CTAB i B ]
Dol o b b e e by b 0.0007"|'H'|""|””H""""'“'l‘l-

300 200 100 0 100 200 300 30 200 100 0 100 200 300

Surfactant concentration (UM)

FIG. 5. TheB andB* versus surfactant concentrations.

Surfactant concentration (UM)

FIG. 6. Then andn* versus surfactant concentrations.
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(B _]gl ) tance of cake during consolidation, is the ratioag/ag =
E,/G3, B is the ratioar/agz = E,/E,, andu andp, are filtrate
viscosity and solid phase density, respectively. Equation [t
has an analytical solution when considering the appropria
boundary and initial conditions. The cake thickness versus tin
Terzaghi element relationship is found as follows except at a small consolidatio

time:
E1
_ Ll - L
- Ll - Lf

=(1-B- F)[l— exp(—WZiZSeOC)]
4wg

, o,
G, I—_J Voigt element E, + B[1 — exp(—m6J] + F( 99 : [7]

The first and the second brackets in Eq. [7] account for th
primary and the secondary consolidation stages as discusse
(7), while the third bracket is for the ternary consolidation
(1-F—B) andF are the fractions contributed by the primary
and the ternary consolidation, respectivebf. is the total
_I G consolidation time. At thé, — o limit, Eq. [7] becomes

Ue

3

Bottom dashpot l:
Uy =(1-F) + FoJor, [8]

which assumes the final phase as a constant-rate compress
(PS '1:1) With an intermediate compression time, Eq. [7] becomes

FIG. 7. Schematics of the rheological model adopted in (16). U= (1-F)—B* exp(—n* 0,) [9]
9 c/

The response of the third term, which is a dashpot of thehich is a form similar to, and will reduce to, Eq. [2] H is
coefficient of viscosityG;, (highly viscous to model the ero-small (y — 0). The parametef3*, F, andn* can be evaluated
sion of bound water) is via regression analysis of different stages of data on the ba:

of Eqgs. [8]-[9].

ge\@ 9 0 Table 1 lists thed? and regresseé values in accordance
() = - [aG{J Py w, 7)dT — 0.P.}], [5] with Eq. [8]. (Notably, an apparers was easily identified in
90c/ p, 90c 0 experiments inasmuch as after this specific consolidation tin

the filtrate suddenly ceases to flow out from the sludge body

whereag = (1 + €)/G,. Substituting Eq. [5] into Eq. [4], The trend is approximately consistent with the arrows depicte

employing the Ruth-Sperry equation and the Leibnitz ruld? Fig. 4. Figure 8 depicts the InflF—U,) — 6. plot. A
leads to the partial differential equation satisfactory linearity is observed for the intermediate period c

the experimental data, thereby supporting the validity of Ec
p N [9]. The best-fittedB* and n* values are also plotted in Figs.
il (Bn + 7) P, 6) — anj P, 7) 5 and 6. (Note, an ast_erlsk is used to differentiate from th
90, parameters on the basis of Eq. [2].)
° As noted in Fig. 5, thé&* values nearly coincide witlB for
X exp{—n(0, — 7)}dT — {Bn exp(—mb) + Y}Pq, CTAB, but show certain deviation for SDS. Restated, Eq. [2
) would thereby give a fairly good estimate Bf for CTAB-
_ Cea—Ps [6] containing sludge, but may be erroneous for SDS-containir
dw®’ sludge. This is attributed to the magnitude of thevalue
estimated which makes a difference between Egs. [2] and [
whereC, = (1/pnpa,8e), g IS the average specific resis{discussed later).
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TABLE 1
The Properties of the Consolidation Stage of Alum Sludge

Bound water

1-B*—-F B* F 0% (s) (kg/kg dry solid)
Original 0.17 0.74 0.09 2407 2.81
CTAB 100 uM 0.15 0.77 0.08 1494 2.24
CTAB 200 uM 0.13 0.74 0.13 1991 2.79
CTAB 300 uM 0.15 0.74 0.11 906 2.53
SDS 100uM 0.18 0.74 0.08 3257 3.29
SDS 200uM 0.00 0.55 0.45 3740 3.24
SDS 300uM 0.02 0.62 0.36 3620 3.11

On the other hand, the newly foungt values are higher ing (higher porosity), less fine particle retention, less compres
than those of Eg. [2]. Furthermore, the addition of SDS hd#lsle cake structure, and other factors. As Fig. 3 reveals, tt
almost no significant effect om*, in contrast to the conclu- cake volume increases with increasing SDS dosage amou
sions drawn from the conventional Terzaghi—Voigt analysighich correlates well with the,,, data depicted in Fig. 2. The
(Notably, the deviation in estimation ef* is greater than that presence of SDS molecules can thereby yield a looser cal
of m, which is attributed to the possible error introduced in thdowever, the interaction between CTAB molecules and th
estimate of parametér. Although the error might be large, thesludge flocs are complicated, as well as the dependence
trend for adding SDS is still different from that for CTAB.) filtration resistance depicted in Fig. 2.

As a result, in this specific case, neglecting the ternary Dissipation of excess pore water and the collapse of cal
consolidation stage would introduce errors in estimating thgobal structure dominate the primary consolidation. A greate
creep factor, but give a fairly good estimate of the contributiagg|ye of (1-B* —F) thereby denotes a weaker intra-aggregat

of the secondary consolidation. strength. The secondary consolidation is usually interpreted
readjustment of constituent particles to a more stable config
DISCUSSIONS ration, whose rate is mainly controlled by shearing the highl

.viscous film of adsorbed water surrounding the particles’ su

The surfactant addition is an aid to sludge dewatering duri .
the filtration stage (Fig. 2). A lower resistance to fiItratiorr];lgCes (19). A lower value (harder to creep) corresponds to :

. . o stronger inter-aggregate strength, while the gre&eralue
might be attributed to the larger aggregates’ size, looser pacl:rl%dicates a higher intra-aggregate strength (13—14). The mec

anism of the ternary consolidation is proposed as the erosion
0 ——— LA o e e e the tightly bound water from the sludge particle (16). Conse
(1)CTAB 100 uM  (4) Original | qguently, a greateF value reveals a larger amount of tightly
B (2) CTAB 200 uM (5} SDS 100 puM bound moisture in sludge, while an increasifigreflects the
(3) CTAB 300 uM  (6) SDS 200 uM 7 tighter binding of the moisture in the ternary consolidatior
(7) SDS 300 uM | stage.

As Figs. 5 and 6 reveal, the CTAB molecules have wealk
ened the inter-aggregate strength (highgy, but have not
affected the intra-aggregate strength (nearly con®ant On
the other hand, the presence of SDS would not affect tf
inter-aggregate strength (nearly constaghy, but has certain
effects on the intra-aggregate strength (diminishiBy).
CTAB carries the opposite sign of charge to the sludge floc:
The adsorption of CTAB is electrostatically favorable, which
would neutralize local charges. Without the net charge on tf
particle surface the passage of some particles across its nei
boring particles would become easier (greatgrin Fig. 6)
sl v bV b Ay L (13). The forces driving the adsorption of SDS should not b
500 1000 1500 2000 electrostatically related, but may have an origin in hydrophaobi

8, (sec) interaction, say. The more negative surface charge creat

FIG.8. TheIn(1— F — U,) versusé, plot. C, consolidation period; £, Would retard the passage of particles, thereby yielding a low

final constant-rate period. Dashed lines are regression lines based on Eq.mﬂ.in Fig. 6.
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Table 1 also lists the relative moisture removal during pralter the moisture distribution in the sludge. SDS increase

mary, secondary, and ternary consolidation stages; @ —

significantly the amount of tightly bound moisture by dimin-

F, B*, F). Apparently, the addition of CTAB has a negligibleishing the primary consolidation stage, but has significar
effect on the relative contributions of different consolidatioeffects on particle creeping. CTAB was speculated to intera
stages. We herein had no clues for the decrease in filtratimainly with the aggregates’ surface while SDS, with the ag
resistance. An easier aggregation of fine particles with flogsegates’ interior. Both surfactants can be used as conditioni

with lower surface charge may account for this.

aids during the filtration stage. However, the applications ¢

However, the presence of SDS had significantly increas&®S to the consolidation stage are not encouraged.

the contribution of the ternary consolidatioR)( by suppress-
ing mainly the primary consolidation stage. Restated, SDS
transforms some pore moisture into the tightly bound moisture
in the sludge cake. The relatively more rigid cake structure for
SDS-containing sludge cake (almost no primary consolidatién
exists) may correlate with the greater cake volume (Fig. 3) aad
the lower resistance to filtration (Fig. 2).

The total consolidation timéZ, (listed in Table 1) decreasesag
with CTAB but increases with SDS. The increaseFivalue
accompanies the greater total consolidation time. ag

Table 1 also lists the bound water contents of sludge. The

definition of bound water in sludge is the remaining moisturg,B*

in the cake after consolidation at 3000 psi (20). As Table 1
lists, the original and CTAB-containing sludge all exhibit &,
bound water of approximately 2.7 kg/kg dry solid. It seems that
the interactions between the CTAB molecules and the sludge
flocs are limited to the outer layer of the aggregates, which,
reduces the surface charge and enhances creeping but affects
the moisture distribution. On the other hand, the SDS molE-
cules could bind more pore moisture onto the particle aggre-
gates, along with which the elasticity of cake almost dimins,
ishes. The bound water content in SDS-containing sludge
markedly increases. Together with the observation that SIB3
has almost no effect on the status of absorbed surface water
(particle creeping), SDS molecules seem to interact mairily
with the interior rather than the surface of the particle aggre-
gates. L¢
As a final note, the presence of CTAB is favorable fol,
filtration and consolidation dewatering, and can therefore be
employed as a conditioning aid. SDS, nevertheless, can be uBed
to enhance filtration efficiency alone. The applications to the,
consolidation stage are not encouraged. Ps1

CONCLUSIONS S
t
In this work the characteristics of filtration followed byU,
consolidation dewatering and the water content of surfactait-
containing sludge were experimentally investigated at a presg,
sure of 3000 psi. Both cationic (CTAB) and anionic (SDSpB
surfactants enhance the filtration efficiency; however, the
former increases the consolidation rate while the latter retargds*
it. A newly proposed rheological model by Chang and Lee (16)
has been employed for interpreting the consolidation dat.
Errors can be introduced if the contribution of ternary consob
idation stage is neglected, as it is in the conventional Terzaghi—
Voigt model. CTAB enhances particle creeping, but it does npg

APPENDIX: NOMENCLATURE

Filter area, M

Compressibility coefficient of secondary consolidatior
defined as (1+ €)/E,, Pa !

Compressibility coefficient of primary consolidation
defined as (1+ €)/E,, Pa*

Compressibility coefficient of ternary consolidation
defined as (1+ €)/G,, Pa's™t

The ratio of secondary consolidation to the total con:
solidation,

Modified consolidation coefficient based on specific
solid volume, /s

Rigidity of Terzaghi element, Pa

Rigidity of Voigt element, Pa

Local void ratio

The ratio of ternary consolidation to the total consoli-
dation

Viscosity of Voigt element of secondary consolidation,
Pa !

Viscosity of Voigt element of ternary consolidation,
Pa !

Number of drainage surface

Cake thickness, m

Final cake thickness, m

Initial cake thickness, m

Weight ratio of wet filter cake to dry one

total consolidation pressure, Pa

Local solid compressive pressure, Pa

Local solid compressive pressure of material at begir
ning of consolidation, Pa

Weight fraction of solid in the sludge

time, s

Consolidation ratio

Volume of filtrate, ni

Average specific resistance of cake, m/kg

Parameter defined ag./ag

Parameter defined ag;/ag

Creep constant defined Wy,/G,, s *

Variable of Laplace transform, s

Consolidation time, s

Total consolidation time, s

Viscosity of filtrate, Pa-s

True density of solid, kg/fm
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Density of filtrate, kg/m 8.

Variable indicating an arbitrary position in cake, m

Total solid volume in cake per unit of sectional area, m>
10.
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